Diamond-Blackfan anemia (DBA) is a rare congenital disorder presenting remarkable phenotypic overlap with other inherited bone marrow failure syndromes, making differential diagnosis challenging and its confirmation often reached with great delay. By whole exome sequencing, we unraveled the presence of pathogenic variants affecting genes already known to be involved in DBA pathogenesis (RPL5 and RPS19) in three patients with otherwise uncertain clinical diagnosis, and provided new insights on DBA genotype-phenotype correlations. Remarkably, the RPL5 c.482del frameshift mutation has never been reported before, whereas the RPS19 c.3GN T missense mutation, although previously described in a 2-month-old DBA patient without malformations and refractory to steroid therapy, was detected here in the mosaic state in different bodily tissues for the first time in DBA patients.
Introduction
Diamond-Blackfan anemia (DBA, OMIM 105650) is a rare (5-7 cases per million live births) inherited bone marrow failure syndrome (IBMFS), a group of genetic disorders with great phenotypic overlap, whose diagnosis is often challenging but essential for precise clinical management [1, 2] .
DBA is characterized by isolated normochromic and usually macrocytic anemia, reticulocytopenia and decreased number of erythroid precursors in otherwise normocellular bone marrow [3] . Although anemia is the most prominent feature, DBA is also characterized by growth retardation and congenital malformations, which are present in approximately half of the patients; additionally, DBA patients have a predisposition to develop malignancies [4] .
Penetrance is incomplete and clinical expressivity widely variable, and within affected families some individuals may exhibit mild or absent anemia, with only very subtle indications of erythroid abnormalities. Importantly, it is argued that some DBA patients who present with craniofacial malformations and absent or very mild hematological abnormalities are underdiagnosed. The vast majority (~90%) of affected individuals typically present symptoms during the first year of life or in early childhood, even if non-classical mild phenotypes may not be diagnosed until later in life [5, 6] . Although most DBA cases are sporadic, about 20% of patients have a positive family history with autosomal dominant inheritance [7] . Except for the rare germline GATA1 (Xp11.23, OMIM 300835) and TSR2 (Xp11.22, OMIM 300946) mutations, inherited in an X-linked manner [8, 9] , most of the DBA causative mutations have been identified in genes encoding ribosomal proteins (RP) of the 40S or 60S ribosomal subunits [10] [11] [12] [13] [14] [15] [16] [17] [18] . Nevertheless, the underlying molecular defect remains unknown in approximately half of DBA patients currently analyzed by conventional screening techniques (e.g. direct sequencing), drawing attention to the need for highthroughput sequencing approaches [19, 20] .
Although dominant negative effects of mutant RPs, particularly in the case of RPS19, have been implicated by some missense coding mutations and demonstrated in model systems [21] , a generally recognized pathogenic hypothesis implies RPs haploinsufficiency by defective ribosome biogenesis and pre-rRNA maturation [22, 23] , leading to apoptosis of erythroid progenitor cells [24, 25] . Moreover, defects in extra-ribosomal proteins, such as transcription factors required for erythroid differentiation, might also contribute to the overall complexity of observed phenotypes [26] .
The highly variable clinical expression of DBA, together with the absence of reliable biochemical markers, make identification of the causative mutation essential to establish a definitive diagnosis of DBA. Moreover, identification of asymptomatic or pauci-symptomatic carriers is mandatory when potential donors of hematopoietic stem cells are evaluated within first-degree relatives, and prenatal diagnosis may be requested for families with severely affected children. Finally, the definition of the molecular defect might be useful for gene therapy to modulate the expression of mutated RP genes and overcome the underlying bone marrow failure [27, 28] .
In this study, we performed whole exome sequencing (WES) in two families with uncertain clinical diagnosis and provided further evidence that high-throughput sequencing technologies may strongly contribute to the proper classification of patients with inherited bone marrow failure syndromes, in agreement with previous reports [29] [30] [31] .
Material and methods

Clinical reports
Family A
The index case, a 4-year-old boy of Italian descent, was born after 36 weeks of gestation by caesarean section. Pregnancy was complicated by intrauterine growth restriction (IUGR) and oligohydramnios. At birth, weight was 1875 g (≤10th centile), length 44 cm (10th centile) and head circumference 31 cm (10th centile). The APGAR score was 8 and 8 at 1′ and 5′, respectively. The baby showed hypotonia, cyanosis, systolic heart murmur and heart rate above 100 bpm, requiring oxygen-therapy. Hematological evaluation revealed a hemoglobin level of 9.4 g/dl, RBC 3.30 * 10 12 /L, Ht 28.6%, borderline MCV (86.7 fl), while normal MCH (28.5 pg), MCHC (32.9 g/dl) and reticulocyte count (29.40 * 1000/mm 3 ). Erythroblasts were not present in the bloodstream, and routinal biochemical analytes were in the normal range. When heas 10-day-old, clinical examination revealed cleft palate. At the age of 2 months a cerebral ultrasound investigation showed ventriculomegaly, enlargement of the subarachnoid spaces, plagiocephaly, and hydrocephalus. Abdominal ultrasonography detected renal calculosis with significant pyelic dilatation. Repeated hematological assessments confirmed severe anemia and mild neutropenia. The patient was initially diagnosed with suspected Shwachman-Diamond syndrome (SDS, OMIM 260400), thereafter discarded since the patient did not develop any of the most peculiar features of this syndrome, such as exocrine pancreatic insufficiency, pancreatic lipomatosis and metaphyseal chondrodysplasia.
The patient achieved autonomous walking at 15 months, when the clinical examination revealed macrocephaly (75th centile), slightly low-set ears, anteverted nares, clinodactyly of the 5th finger, broad toes, distal phalangeal hypoplasia, and high arched feet. At 4 years and 9 months, the patient additionally showed hair with widow's peak, small ears with hypoplastic helices, deep-set eyes, downward-slanting palpebral fissures, and small mouth ( Fig. 1 ). X-rays of hands and feet revealed severe syndactyly of the feet, hypoplasia of the distal phalanges of the 4th and 5th fingers and of the 2nd and 3rd toes, as well as bilateral aplasia of the intermediate and distal phalanges of the 4th and 5th toes, and bilateral pes cavus. The cleft palate was corrected surgically and tympanostomy tubes were placed because of recurrent episodes of airway infections and otitis media.
The family history revealed that the patient's mother (39 years old) suffered from anemia and mild leucopenia since she was 10 years old and was investigated for MDS at the age of 28. The bone marrow biopsy demonstrated hypocellularity, delayed cellular maturation, and an abnormal lymphoid component with abundant reactive lymphocytes. The immunohistochemical characterization detected an increased number of CD3+ cells, with normal CD4+/CD8+ T cell ratio, and low rate of CD57 + cells. The bone marrow karyotyping was 46,XX with any chromosomal alteration. Abdominal ultrasonography demonstrated hepatomegaly with otherwise conserved hepatocellular architecture. The clinical examination revealed small head circumference (52 cm, 3rd centile), deep-set eyes, anteverted nares, nasal septum extended below alae nasi, short columella, and hallux valgus.
The proband's sister was born by caesarean section after 34 weeks of gestation complicated by IUGR, oligohydramnios, and cardiotocographic anomalies. At birth, weight was 1225 g (b3rd centile), length 37 cm (3rd centile), and head circumference 29.2 cm (3rd-10th centile). APGAR score was 9 at 1′ and 9 at 5′. She was admitted to a Neonatal Intensive Care Unit at the first day of life, because of prematurity and profound anemia (blood count not available). In the third month of life she presented neutropenia and RSV-related bronchiolitis, while severe anemia was treated with blood transfusions. She achieved head control at 4 months and first autonomous steps at 12 months, but did not pronounce any words until 18 months. Physical examination at 17 months revealed growth retardation, with height 73 cm (b3rd centile), and weight 7900 g (b3rd centile). She presented peculiar dysmorphic features: hair with widow's peak, pinched face, deep-set eyes, ocular hypertelorism, epicanthus inversus, low nasal bridge, cutaneous syndactyly of 4th and 5th fingers, bilateral camptodactyly and clinodactyly of the 5th fingers, broad hallux, and hypoplasia and syndactyly of the 4th-5th toes, especially on left foot (Fig. 1) .
The 40-year-old patient's father only suffered from hypothyroidism treated with synthetic thyroid hormone levothyroxine.
Family B
The patient, a 2-year-old female child of Serbian origin, was referred to our Hospital for congenital anemia and neutropenia with the hypotheses either of Fanconi anemia (FA, OMIM 227650) or dyskeratosis congenita (DC, OMIM 224230). Her past medical history reported she was born after an uneventful pregnancy (birth weight: 3400 g) but, immediately after the delivery, she presented respiratory failure, requiring mechanical ventilation. Blood tests persistently revealed severe hyporigenerative anemia and mild neutropenia. Direct antiglobulin test, bilirubin and index of hemolysis were all negative. Bone marrow aspirate and trephine demonstrated very poor cellularity for age, marked erythroid hypoplasia and reduced number of megakariocytes. Myeloid precursors were normally represented in the different maturative stages. The karyotype revealed a normal female chromosomal asset (46, XX) .
In the country of origin of the patient, DEB test was performed on both skin fibroblasts and blood cells with discordant results (positive on fibroblasts and negative on blood), while we confirmed no chromosome breakage on peripheral blood. On clinical examination, the patient did not exhibit neither craniofacial dysmorphisms nor other physical abnormalities. The liver biopsy showed hepatic siderosis and fibrosis, associated with increased aminotransferase levels, requiring iron chelation therapy with deferoxamine. The severe iron overload was confirmed by SQUID biosusceptometry. Moreover, further focused examinations, such as cardiac and abdominal ultrasonography, did not reveal anomalies involving heart, kidney and urinary tract. External genitalia were normal at the physical examination.
Steroid therapy was started about four months after hospitalization because of progressive RBC transfusion dependence. The patient presented only a partial and provisional response with reduction of transfusion requirement, but without substantial improvement. Steroid treatment was progressively discontinued and after a few months she presented respiratory difficulties because of Rhinovirus-related bronchiolitis that deteriorated her clinically stable breathing disorder (interstitial lung disease), as demonstrated by HRCT (High Resolution Computed Tomography). Considering enduring RBC transfusion dependence and mild neutropenia (ANC b 1000/μL) after discontinuation of prednisone, the patient was retained eligible for hematopoietic stem cell transplantation (HSCT). She was an only child and thus HLAmatched unrelated donor was found in the International Bone Marrow Donor Registry (IBMDR). The patient underwent allogeneic HSCT at the age of 2 years and 4 months, with only limited complications. Neutrophil and platelet engraftment were reached quickly, at day + 19 and + 22, respectively. A coronavirus-related bronchiolitis requiring high flow oxygen supply was observed at day + 12, completely resolved within 2 weeks. At day + 45 she presented mild acute cutaneous Graft-versus-Host Disease (GvHD), treated with a brief course of systemic steroid therapy.
The parents of the index case, both of Serbian origin, were healthy and did not present any sign or symptom related to IBMFS. After molecular diagnosis, patient's anamnesis was carefully re-evaluated and considered consistent with the DBA etiology.
Genetic analysis
Whole exome sequencing (WES)
Genomic DNA (~3 μg) was extracted from peripheral blood samples, by using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). Library preparation was performed as previously reported [32] by using the SureSelect Human All Exon v5 target enrichment kit (Agilent Technologies). Sequencing was performed on HiSeq 2500 by using a Paired-End 100 bp protocol (Illumina, San Diego, CA, USA). Reads were aligned against the reference human genome sequence (GRCh37/hg19) by using the BWA-mem software package v0.7.12.1 PCR duplicates were filtered out by Picard v1.137 (http://picard. sourceforge.net) and the GATK v3.1 suite was used to locally realign around inferred Insertion/Deletions (InDels) and recalibrate base qualities scores.2 Single Nucleotide Variants (SNVs) and InDels were called using GATK Unified Genotyper. ANNOVAR3 was used to annotate genomic variants for public databases such as RefSeq (http://www.ncbi.nlm. nih.gov/RefSeq), dbSNP144 and dbNSFP (version 2.9.1) [33] . The latter consists in a resource of pre-computed genomic variants score (e.g. MutationTaster, SIFT, PolyPhen2) based on their probability to alter protein structure and functionality. Computational estimation of pathogenicity was used for prioritization of variants.
In our data analysis, we firstly focused on genes already associated with the most common IBMFS ( Supplementary Table S1 ). Then, we excluded variants reported in 1000 Genome Project, ExAC (Exome Aggregation Consortium) and National Heart, Lung and Blood Institute (NHLBI) Exome Sequencing Project (ESP) databases, as well as in our in-house database (composed of approximately 200 individuals), with a population frequency above 1%, and affecting non-synonymous exonic, or splice site (beyond 30 bp of exon/intron boundaries) regions. In addition, we checked for the presence of potential insertions or deletions by using the EXCAVATOR tool [34] .
Sanger sequencing
All PCR reactions were carried out with the AmpliTaq Gold Polymerase Kit (Life Technologies, Foster City, CA, USA) in a final a final volume of 25 μL containing 50 ng of genomic DNA, Gold Buffer 1×, MgCl 2 1.5 mM, dNTPs 0.2 mM, 1 U of AmpliTaq Gold DNA Polymerase and 10 pmol of both forward and reverse primers. DNA samples were denatured at 95°C for 5 min and then amplified for 35 cycles as follows: 95°C for 30 s, annealing at variable annealing temperature ( Supplementary  Table S2 ) for 30 s, 72°C for 30 s; and final extension at 72°C for 7 min. Sequencing reactions were performed using the BigDye Terminator v3.1 Cycle Sequencing Kit on a 3730 DNA Analyzer (Applied Biosystems).
Pyrosequencing
PCR reactions were carried out by using the following primers: 5′-TGTGTTCACATGCTTGACTTTC-3′ (forward), 5′ biotin-TGCTGGTTCAC GTCTTTTACA-3′ (reverse). Samples were denaturated at 94°C for 5min and amplified for 35 cycles consisting of 94°C for 45 s, 58°C for 45 s, 72°C for 1 min, and a final elongation at 72°C for 5 min. The 65-bp PCR product was then analyzed by using the PyroMark Vacuum Prep Workstation (Qiagen), as previously described [35] . The primed single-stranded DNA template was subjected to real-time sequencing by using the following primer: 5′-GCTTGACTTTCTCCCTC-3′. Pyrosequencing analysis was carried out using PyroMark Q24 Instrument, and quantification of mutant vs wild-type alleles was calculated by PyroMarkQ24 software (Qiagen).
Array comparative genomic hybridization (Array-CGH)
Molecular karyotyping was performed on DNA samples extracted from patient's peripheral blood by using a whole-genome 180 K Agilent array (Human Genome CGH Microarray, Agilent Technologies, Santa Clara, CA, USA), as we previously reported [36] . Data were analyzed by using the Agilent Genomic Workbench Standard Edition 6.5.0.58. All genomic positions were reported according to the human genome assembly (GRCh37/hg19).
Ethical approval and consent
The study has been carried out in accordance with the research rules of our institutional ethical committee on human experimentation and written informed consents were obtained from all the patients or their parents.
Results
Family A
The index case (III-1) presented symptoms suggestive of DBA, but the clinical data were not sufficient and univocal to definitively establish a proper diagnosis (e.g. borderline MCV values). The array-CGH analysis revealed a small deletion on Xq13.3, spanning about 54 Kb (chrX:74,772,380-74,826,260, GRCh37/hg19), in the proband ( Supplementary Fig. S1A ). This chromosomal alteration, not reported in the Database of Genomic Variants (http://dgv.tcag.ca), was located within a region devoid of genes and the closest coding gene (~29 Kb), ZDHHC15 (chrX:74,588,262-74,743,337, GRCh37/hg19), was associated with a different phenotype (severe X-linked mental retardation, seizures and early childhood obesity, OMIM 300577) and, thus, not considered as pathogenic [37] . Moreover, Sanger sequencing analysis of the RPS19 gene, which accounts for approximately 25% of DBA cases [38] , failed to Table 1 List of candidate variants in Diamond-Blackfan Anemia (DBA), Fanconi Anemia (FA) and Dyskeratosis Congenita (DC)-associated genes detected in families A and B. RPL5 and RPS19 genes segregated with the disease in the two families. SLX4, FANCA, ATR and RTEL1 variants in family B were discarded because of the heterozygous state or overall neutral effect. TERT c.835GNA change was reported in ClinVar but was shown not to segregate with the disease [46] . The presence of compound heterozygous mutations was also excluded. PolyPhen2 and SIFT predictions were only available for non-synonymous polymorphisms or missense mutations. MAF: minor allele frequency; AD: autosomal dominant; AR: autosomal recessive. Family Possibly damaging AR, AD Heterozygous detect any causative variant. Subsequently, WES analysis was performed in individuals III-1 and III-2. Our filtering criteria were satisfied by only one heterozygous frameshift mutation (NM_000969.3:c.482del; NP_000960.2:p.Gly161Valfs*3), in the exon 5 of the RPL5 gene of both siblings (Fig. 1 ). This loss of function (LoF) mutation, affecting a highly conserved position (PhyloP:4.24; PhastCons:1.00), was subsequently validated by traditional Sanger sequencing approach in DNA samples from available family members to determine whether the candidate variant co-segregated with the DBA phenotype within the pedigree. Parental DNA examination revealed that the mutation was inherited from the mother. Further molecular analysis of the maternal grandparents, who did not show any symptom, confirmed that the mutation occurred de novo in the patients' mother (Fig. 1) . The variant created a frameshift at codon 161 resulting in a premature stop codon two positions downstream and, according to in silico predictions, the mRNA produced was expected to be degraded through nonsense mediated mRNA decay (NMD).
Family B
In this family, the clinical diagnosis was initially uncertain, due to the phenotypic overlap frequently observed among the IBMFS. Accordingly, the NGS data were filtered considering different panels of genes involved in these hematologic diseases ( Supplementary Table S1 ). The preliminary filtering process for FA and DC-associated genes (according to the initial clinical diagnosis) did not unveil any disease-causing variant, either for predicted in silico overall neutral effect or for inconsistent inheritance pattern (Table 1) . On the contrary, after filtering of variants for DBA-associated genes, we obtained a unique heterozygous missense variant (NM_001022.3:c.3G N T; NP_001013.1:p.Met1?), in the exon 2 of RPS19 of patient II-1 (Fig. 2) . This substitution, leading to the loss of the highly conserved translation initiation codon (PhyloP:5.13; PhastCons:1.00), was predicted to be damaging by almost all the in silico tools ( Table 1 ). An alternative in-frame start codon was not present around the mutated position, as assessed by ORF Finder and StarORF, although the contribution of alternative translation initiation signals (TISs) might also be considered [39] . Moreover, this variant was reported in HGMD (#CM005392) and dbSNP142 (rs138938035, with a frequency of the minor T allele of 0.7% in the population), and previously reported as causative [40] . Other two missense mutations in the initial methionine codon (c.1ANG and c.2TN A) were described in large cohorts of DBA patients without malformations, growth retardation and steroid response [24, 41] . As assessed by IGV visual inspection, the c.3GN T transversion showed variation in allele fraction in our patient (G:70%, T:30% with read depth of 84×), thus suggesting mosaicism. This unbalanced allelic ratio was further confirmed by both Sanger sequencing and quantitative pyrosequencing assays in blood as well as buccal swab and urine specimens ( Fig. 2 and Supplementary Fig. S2 ). While a de novo germline mutation is typically associated with an allelic ratio of approximately 50%, the observed lower ratio suggested that the mutation more likely arose during embryogenesis. Accordingly, the mutation was absent in the parental DNA samples. Finally, any pathogenic copy number variation (CNV) was detected in the proband, as assessed by the EXCAVATOR's data analysis ( Supplementary Fig. S1B ).
Discussion
In contrast to patients that harbor mutations of RPS19 and RPL11 genes, mutations in RPL5 have generally been associated with a more severe phenotype including multiple physical (craniofacial, thumb, heart) abnormalities, SGA (Small for gestational age), and short stature [14, 42, 43] . Moreover, it has been suggested that RPL5 mutations might have a more profound impact on fetal development than mutations in other RP genes, primarily RPS19 [15, 19, 44] . In accordance with these findings, patient III-1 (family A) showed different physical anomalies, as well as intrauterine growth restriction (IUGR). On the other hand, physical anomalies were not present in the affected member of family B, carrying a RPS19 mutation. Up to now, RPL35A has been considered the gene most frequently associated with genitourinary malformations among DBA patients [13] , but the fact that patient III-1 in family A showed renal calculosis and pyelic dilatation further underlines the need for large association studies. On the other hand, the results of the molecular analysis in family B strengthen the influence of the genotype on the treatment. Indeed, it has been previously reported that patients with RPS19 mutations display a diminished long-term prognosis and poor response to steroids [12] , as we documented in patient II-1.
In summary, we identified two pathogenic variants in RPL5 and RPS19 genes, one of which never reported before (RPL5 c.482del), broadening the spectrum of DBA clinical phenotypes. Moreover, the missense c.3GNT mutation, even if previously reported, was here detected in a mosaic state. To our knowledge, mosaic point mutations have never been reported in DBA patients. Previously, Farrar et al. [45] described three DBA individuals with mosaic copy loss on chromosomes 3q and 15q, containing two well-established DBA genes, RPL35A (3q29) and RPS17 (15q25.2). Interestingly, the two patients with low-level mosaicism experienced a spontaneous remission of DBA in the second decade of life, whereas the subject with a higher fraction of mosaicism remained transfusion-dependent. These findings suggest that the fraction of blood mosaicism may correlate with the prognosis and may also impact on the clinical outcome of our young patient with a mosaic RPS19 missense mutation.
In conclusion, this study further strengthens the fundamental role of whole exome sequencing in the differential diagnosis of IBMFS, as well as in the achievement of a personalized medicine approach.
